Coastal species are exposed to severe environmental stresses, e.g. salt and UV-B. The plants adapt themselves to such harsh environment by controlling morphological features and chemical defense systems. Flavonoids are known as efficient anti-stress polyphenols produced by plants. Most flavonoids show antioxidant activity, and their properties are important for plants to survive under high-stress conditions such as those in a coastal area. Among the compounds, ortho-dihydroxylated flavonoids act as strong antioxidants. In this survey, we elucidated the flavonoid composition of a seashore species Calystegia soldanella, which is distributed not only on the seashore, but also by the inland freshwater lake, Lake Biwa. Seven flavonol glycosides, i.e. quercetin 3-Orutinoside, 3-O-glucoside, 3-O-rhamnoside and 3-O-apiosyl-(1→2)-[rhamnosyl-(1→6)-glucoside], and kaempferol 3-O-rutinoside, 3-O-glucoside and 3-Orhamnoside were isolated from the leaves of C. soldanella. In addition, it was shown that the quercetin (Qu) to kaempferol (Km) ratio of coastal populations was higher than that of lakeshore populations. In general, these differences of Qu/Km ratio depend on flavonoid 3'-hydroxylase (F3'H) transcription. RT-PCR analysis suggested that F3'H of C. soldanella is regulated translationally or post-translationally, but not transcriptionally. Furthermore, quantitative and qualitative differences in flavonoid composition occurred among three Calystegia species, C. soldanella, C. japonica and C. hederacea.
Calystegia soldanella (L.) Roem. et Schult. (Convolvulaceae) is a perennial herbaceous species that has a wide distribution in the temperate zone. The species is mainly distributed on sandy seashores, but some populations occur rarely by an inland lake, Lake Biwa, in central Japan. This is a freshwater lake which harbors many coastal plants such as Vitex rotundifolia L.fil. (Verbenaceae), Lathyrus japonicus Willd. (Leguminosae), Arabis kawasakiana Makino (Brassicaceae), Dianthus japonicus Thunb. (Caryophyllaceae), Raphanus sativus L. var. raphanistroides Makino (Brassicaceae) and Pinus thunbergii Parl. [1] . Since this lake has been isolated from the coastal region ca. 4 million years ago, the plants growing around it have evolved specially. So this ancient lake is an useful site for studies of biodiversity, biogeography, ecology and evolution. The seashore species are exposed to harsh environmental stresses, e.g. sea water, wind, and intense sunlight, including UV radiation. It is presumed in some plants that the coastal populations acquire physiological and morphological traits which are different from those of inland populations [2, 3] . Such ecotypic divergence may occur as a consequence of adaptation to the severe environment.
Flavonoids are one of the most effective anti-stress compounds that show several functions including anti-oxidation and UV protection [4, 5] . These compounds are especially accumulated in plants growing under harsh environments, such as high mountains and the seashore. For example, an alpine plant, the Himalayan Rheum nobile Hook. f. et Thoms. (Polygonaceae) accumulates quercetin glycosides such as quercetin 3-O-[6''-(3-hydroxy-3-methylglutaroyl)-glucoside], which has an ortho-dihydroxyl group in ring B, which acts as an UV shield [6] . B-Ring ortho-dihydroxylated flavonoids are well produced in some plants at higher altitudes, which offer severe conditions (e.g. cold and intense UV-B) [7, 8] . They are stronger antioxidants than mono-hydroxylated flavonoids.
Vitex rotundifolia which is a coastal species, but also grows by Lake Biwa, as well as C. soldanella, contain large amounts of luteolin glycosides, which are ortho-dihydroxylated flavonoids [9] . In Campanula punctata Lam. (Campanulaceae), a significantly high accumulation of flavonoids such as quercetin 3-O-glucoside was observed in coastal individuals [10] .
In this paper, we describe flavonoid isolation and identification from the leaves of coastal and inland individuals of Calystegia soldanella. Furthermore, we quantitatively compared the flavonoid composition of them and their related species C. japonica Choisy (syn. C. pubescens Lindl.) and C. hederacea Wall. by HPLC, and surveyed the expression of related gene flavonoid 3'-hydroxylase (F3'H) between coastal and inland (lake) populations of C. soldanella and C. japonica. Table 1 ). This is the first record of these flavonol glycosides from this species. Quercetin 3-O-apiosyl-(1→2)-[rhamnosyl-(1→6)glucoside] is a rare compound previously isolated from the leaves of Solanum glaucophyllum Desf. (Solanaceae) [11] and the seeds of Chenopodium pallidicaule Aellen (Amaranthaceae) [12] . Of the isolated compounds, quercetin 3-O-rutinoside and 3-O-glucoside were major components in the coastal individuals. The lakeshore individuals mainly contained kaempferol 3-O-rutinoside and 3-Oglucoside together with the two quercetin glycosides mentioned above. Their aglycones were quercetin and kaempferol ( Figure 1 ). In addition, all flavonoids isolated from the leaves of C. soldanella in this survey were flavonol 3-O-glycosides. However, Ahn et al. (Table 1 ). These flavonoids were qualitatively different from those of Japanese populations. It is of particular interest that intraspecific variation in flavonoid composition occurs in the plants from Japan and Korea. Low genetic differentiation, which was affected by long-distance seed dispersal, has been generally estimated in C. soldanella [14, 15] . However, it is likely that genetic structure, especially affecting glycosylation at the 7-position of flavonols, is varied between the Japan and Korea populations. Further studies, i.e. gene phylogeny and chemical profiling of the populations of Japan, Korea and other regions, including Europe, are needed to explain this issue.
Quercetin to kaempferol ratio
The flavonoid composition surveyed was qualitatively the same for the Japanese populations from the Pacific Ocean coast, the Sea of Japan coast, and the inland Lake Biwa. However, quantitative flavonoid variation occurred between the three sites. Though the total quercetin/total kaempferol ratio of the two seashore sites was similar (4.5:1～10.5:1), that of the inland Lake Biwa populations was 0.8:1 ～ 1.8:1. Thus coastal populations contained larger amounts of quercetin glycosides ( Figure 2 ). In general, the antistress activity of B ring ortho-dihydroxyl flavonoids, such as quercetin, is stronger than that of mono-hydroxyl flavonoids, such as kaempferol. This anti-stress activity may be due to their antioxidant activity, because several environmental stresses, especially salt and UV-B, cause oxidative stress to plant cells [16] . Therefore, seashore C. soldanella populations chemically adapted to the environmental stress from sea water and/or UV irradiation by accumulation of quercetin glycosides. (Table  1 ). This is the first report of the presence of flavonol glycosides from this species. Aglycones of major flavonoids from Japanese populations of C. hederacea were glycosylated with galactose. This character differs from those of the other two species. These results indicated that C. soldanella and C. japonica are closely related from the chemotaxonomic viewpoint of flavonoid composition.
In addition, it is noteworthy that the flavonoid content of C. japonica and C. hederacea was considerably lower than that of C. soldanella. Low accumulation of efficient anti-stress flavonoids in C. japonica and C. hederacea might reflect that these inland plants are in a mild stress environment compared with the coastal ones. In other cases, a deciduous tree Vitex rotundifolia, which is also distributed in coastal region and by the inland lake, contained orthodihydroxylated luteolin glycosides with stronger anti-stress activity in their leaves [9] . However, there is no quantitative and qualitative difference between the seashore and lakeshore populations. These results indicate that the quantitative variation of flavonoids between coastal and inland lake populations varied in different plant species, and C. soldanella chemically adapted to each environmental condition.
Salt treatment
Chemical experiments by individuals of natural populations revealed that coastal populations of C. soldanella contained higher levels of quercetin glycosides compared with lakeshore populations. To test whether these quantitative differences occurred by (1) response to each environment or (2) were genetically fixed during the evolution, we surveyed the variation of flavonoids under salt stress conditions using the plants sampled from inland and coastal populations. We collected the plants from seashore and lakeshore populations and cultivated them with freshwater (control) and 200 mM NaCl in freshwater (salt treatment). There was no qualitative and quantitative difference in flavonoid composition between control and salt-treatment plants. As mentioned above, genetic differentiation of C. soldanella is relatively low due to frequent gene flow by seed dispersal [15, 16] . The Lake Biwa population, however, shows high differentiation from coastal populations in Japan in cpDNA haplotypes and nuclear DNA microsatellite loci [18] , leaf blade thickness [3] and photosynthesis in response to salt stress [2] . These results indicated that Lake Biwa populations have been isolated from coastal populations not only geographically but also genetically and they adapted to milder conditions in which they are not in need of such an amount of the anti-stress flavonoid, quercetin. Therefore, the Qu/Km ratio observed in coastal and inland populations was genetically fixed. These results indicated that Lake Biwa populations have been isolated from coastal populations not only geographically but also genetically and they adapted to milder conditions in which they are not in need of much of the anti-stress flavonoid, quercetin. Therefore, the Qu/Km ratio observed in coastal and inland populations was genetically fixed. Several environmental factors in the coastal region could influence the flavonoid metabolism. In addition, the plants would acquire adaptive traits to inhabit the coastal environment. One of the important morphological features is leaf thickness. Seashore and lakeshore populations of C. soldanella develop thicker and thinner leaves, respectively [3] . Flavonoid 3´-hydroxylase Flavonoid 3'-hydoxylase (F3'H) is the key cytochrome P450 enzyme responsible for ortho-dihydroxylated flavonoids since it catalyzes hydroxylation of the 3'-position of the B ring (orthohydroxylation) of flavonoids, leading to biosynthesis of quercetin and cyanidin (Figure 1 ). Flavonoid analysis shown above indicated that geographical segregation of C. soldanella promotes structural diversity of the B ring of flavonols. The ortho-dihydroxylation of flavonols was observed in petals as well as leaves of the seashore population. Furthermore, the ortho-dihydroxylated anthocyanin, cyanidin, was the dominant floral pigment in both seashore and lakeshore populations (data not shown). Therefore, leaf-specific reduction of the Qu/Km ratio specifically observed in the lakeshore population predicted that F3'H activity is compromised specifically in the leaves of lakeshore populations. To assess the involvement of F3'H in the structural differences of flavonoids observed among Calystegia plants, a reverse transcription-polymerase chain reaction (RT-PCR) was performed on the Calystegia F3'H gene. In all Calystegia plants, the F3'H gene was highly expressed in petals compared with leaves. However, no obvious difference was observed in expression level of Calystegia F3'H genes between seashore and lakeshore populations (Figure 3 ). Thus, this result suggests a possibility that enzymatic activity of Calystegia F3'H is regulated translationally or post-translationally.
Conclusion
In this study, we demonstrated that seashore populations of C. soldanella accumulated higher levels of the anti-stress flavonoid, quercetin, compared with the lakeshore populations. C. soldanella populations in Lake Biwa have been isolated from the coastal area, and released from the environmental constraint of the coastal region (seashore), and adapted to the inland environment, which is milder than that of the seashore. Therefore, their chemical profile is different from that of coastal populations. This is a striking case that geographical environment affects phytochemical metabolites, highlighting the plasticity of specialized metabolism of land plants.
Experimental
General: NMR spectra were measured in pyridine-d 5 Quantitative analysis: Fresh leaves (5 g) of 90 Calystegia soldanella individuals were extracted with MeOH (40 mL) for quantitative HPLC analysis. After filtration, the extracts were directly applied to a Shimadzu HPLC system using a Senshu Pak PEGASIL ODS column (I.D. 6.0 × 150 mm), at a flow-rate of 1.0 mL min -1 , detection: 190-400 nm and eluents: MeCN/H 2 O/H 3 PO 4 (18:82:0.2). Flavonoid content in each individual was estimated from the peak area of each compound at a wavelength of 350 nm.
Salt treatment: C. soldanella plants were collected from coastal and inland populations. The plants were transplanted and grown treated with 200 mM NaCl (watering per 3 days). Fresh leaves (2.5 g) of treated and untreated control plants (5 individuals in each treatment) were extracted with 20 mL MeOH. The extracts were applied to quantitative HPLC.
Reverse transcription-polymerase chain reaction (RT-PCR):
cDNAs were synthesized from the total RNA of each tissue with SuperScript III (Invitrogen). The PCR with ExTaq DNA polymerase (TaKaRaBio) was run at 94ºC for 3 min, followed by 32-38 cycles at 94ºC for 1 min, 58ºC for 1 min, and 72ºC for 2 min. RT-PCR was performed using specific primer sets for C. soldanella F3'H (AB563485) and C. japonica F3'H (synonym: C. pubescens (AB571798); Fw 5'-CACATTGCTTATAACTATCAAGA-3' and Rv 5'-ATCACTTCAAAGTCATTCCCTTT-3', and for Calystegia 16S rRNA (AB681270); Fw 5'-GATTAGATAGTTGGTGAGGTAAC-3' and Rv 5'-ATTACTAGCGATTCCAGCTTCATAG-3'). PCR cycles were
